Purpose: To report the use of intraoperative spectral domain optical coherence tomography (SD-OCT) for detecting anatomical changes during macular surgery. Methods: In a consecutive case series, 32 eyes of 32 patients undergoing concurrent pars plana vitrectomy and intraoperative SD-OCT for macular hole (MH), epiretinal membrane (ERM) and vitreomacular traction (VMT) were enrolled. Intraoperative changes in retinal thickness and dimensions of the macular hole were measured in patients with ERM and VMT following surgical manipulation using a hand-held SD-OCT device (iVue, Optovue Inc., Fremont, CA, USA). Results: SD-OCT images of sixteen eyes with macular hole were subjected to quantitative and qualitative analysis. All MH dimensions remained stable during consecutive stages of surgery except for MH apex diameter, which showed a significant decrease after internal limiting membrane (ILM) peeling (P=0.025). Quantitative analysis of ten patients with ERM showed a significant decrease in retinal thickness after membrane removal (P=0.018) which did not remain significant until the end of the procedure (P=0.8). In three cases, subretinal fluid was formed after ILM peeling. Quantitative analysis of five patients with VMT showed a decrease in retinal thickness during consecutive steps of the surgery, although these changes were not significant. In two cases, subretinal fluid was formed after ILM peeling. Conclusion: Intraoperative SD-OCT is a useful imaging technique which provides vitreoretinal surgeons with rapid awareness of changes in macular anatomy during surgery and may therefore result in better anatomical and visual outcomes.
INTRODUCTION
Optical coherence tomography has gained an important role in the diagnosis, management and follow-up of correlations between anatomical changes in areas of interest, especially the inner segment-outer segment (IS-OS) junction, and visual outcomes in patients with macular hole (MH), vitreomacular traction (VMT) and epiretinal membrane (ERM). [3] [4] [5] [6] [7] [8] [9] [10] However, accurate image acquisition with this modality needs a compliant patient who can sit in an upright position. Hence, a handheld SD-OCT device was designed to overcome the problem in special situations, such as retinopathy of prematurity and determining the source of leakage in a patient with optic pit maculopathy. It can also use in different situations to evaluate latent anatomical changes that may affect treatment and prognosis. [11, 12] Dayani et al first described the intraoperative use of SD-OCT for macular surgery in 2009. [13] The device provides the surgeon with immediate information about anatomical changes during surgery, such as the presence of subretinal fluid, fluid dynamics and amount of surgical trauma. Few reports exist reporting the intraoperative use of SD-OCT for retinal surgeries with small sample sizes. [14, 15] In this study, we evaluated the role of intraoperative hand-held SD-OCT in detecting changes in retinal anatomy during different stages of macular surgeries in 32 eyes suffering from MH, ERM and VMT syndrome. To the best of our knowledge, this is the largest study reporting concurrent pars plana vitrectomy and intraoperative SD-OCT.
METHODS
In a consecutive case series, patients undergoing macular surgery with concurrent intraoperative SD-OCT imaging for full thickness MH, VMT or ERM from September 2012 to March 2013 were enrolled. The study protocol was reviewed and approved by the Institutional Ethics Committee at Tehran University of Medical Sciences and all participants provided written informed consent prior to inclusion.
All eyes were operated using 23-gauge, three-port pars plana deep vitrectomy. Vitreous and membranes were stained with triamcinolone and the internal limiting membrane (ILM) was stained with brilliant blue-G (BBG). SD-OCT was performed intraoperatively using the iVue hand-held SD-OCT (Optovue Inc., Fremont, CA, USA). During surgeries for ERM and VMT, images were obtained before posterior vitreous detachment (PVD) induction, after PVD induction, following residual ERM peeling (if applicable) and after ILM peeling [ Figure 1 a-c respectively]. During surgeries for MH, images were taken in three steps: Before PVD formation, after PVD formation, and following ILM peeling.
Images were analyzed for qualitative and quantitative characteristics. Quantitative measurements were performed using the InVivoVue Clinic version 1.2 software employing the available caliper. Regarding MH surgeries, parameters included MH height (calculated by measuring the highest point on either side of the hole, from the ILM to the retinal pigment epithelium [RPE] and taking average values), MH base diameter, MH apex diameter and distance from the smallest diameter of the hole to the base center [ Figure 2 ]. Regarding surgeries performed for VMT and ERM, retinal thickness (distance from ILM to RPE) was measured, and residual ERM or ILM thickness were also measured after each peeling.
Qualitative findings, including foveal contour and appearance of corrugations on the retinal surface, were also compared at different time points. Any significant qualitative finding, such as new hypo-or hyper-reflective lesions, changes in foveal depression and development of intra-or subretinal fluid or space was documented.
Data analysis was performed using SPSS version 18.0 software (SPSS, Inc, Chicago, IL, USA) and P values < 0.05 were considered as significant. Analysis in each group was performed using the Wilcoxon test.
RESULTS

Macular Hole
Sixteen eyes from sixteen patients underwent pars plana vitrectomy for MH. One patient suffered from traumatic macular hole while the other fifteen had idiopathic MHs. 
Qualitative findings
Triamcinolone is readily seen as hyper-reflective dots on SD-OCT while blood can be seen as a hyper-refletive area at the floor of the hole. There was no subretinal fluid during and after surgery [ Figure 3 ]. Table 1 summarizes quantitative changes. No significant change was noted in MH height during different stages of surgery and this parameter remained stable. In a similar manner, no significant change was noted in the distance from the smallest diameter of the hole to the base center during surgery. Also, the base diameter of MH remained stable during surgery. However, the apex diameter of MH showed a significant decrease after ILM peeling as compared to prior stages of surgery (P=0.025).
Quantitative measures
Epiretinal Membrane
Ten eyes of ten patients underwent pars plana vitrectomy for ERM [ Figure 4 ]. Eight of these patients suffered from diabetes mellitus.
Qualitative findings
In three cases, following uncomplicated membrane removal or ILM peeling, subretinal fluid was created which appeared as a hyporeflective area on OCT images, an event which might be formed during surgery but was ignored by the surgeon [ Figure 5 ]. In one case, an unroofed retinal cyst was seen after membrane removal during surgery [ Figure 6 ]; but in this case, shallow subretinal fluid was invisible to the surgeon. Residual ERM or ILM were obvious on OCT images in four eyes without the need for any staining.
Quantitative measures
Retinal thickness (from the ILM to RPE) was measured during different stages of surgery [ Table 2 ]. Retinal thickness was increased after PVD creation but the difference was not statistically significant (P=0.2). Thickness was decreased significantly after membrane removal (430±99 µm) as compared to values before PVD induction (502±123 µm) (P=0.018). However, when we performed ILM peeling, retinal thickness was increased. Post ILM peeling, retinal thickness (449±155 µm) was comparable to primary thickness (before PVD creation) (P=0.8).
Vitreomacular Traction Syndrome
Six eyes of six patients underwent pars plana vitrectomy for VMT. Of these patients, five (83.3%) were diabetic.
Qualitative findings
In two cases, subretinal fluid was detected intraoperatively [Figures 7 and 8] and in two eyes, there were significant ILM or ERM remnants after the operation.
Quantitative measures
Retinal thickness before PVD creation, after membrane removal and after ILM peeling was 621±235 µm, 549±119 µm and 466±131 µm, respectively [ Table 2 ]. Although retinal thickness was decreased throughout consecutive stages of surgery, the differences were not significant.
Overall for all cases, in 5 of 32 operated eyes (15.65%), subretinal fluid was formed during surgery, which was ignored by the eye surgical microscope but was detected by intraoperative SD-OCT and further actions were taken. Based on intraoperative SD-OCT findings in six eyes there were significant remnants of ERM or ILM and in two eyes there was a small retinal. Based on intraoperative OCT findings, surgery plans were changed and additional maneuvers were done to overcome these changes.
Four cases (12.5%) had low-quality images due to old corneal opacity, stromal corneal edema after phacoemulsification, posterior capsule opacity and being silicone-filled, and were thus not included in the final analysis.
DISCUSSION
SD-OCT has offered new insights into the pathogenesis, diagnosis and management of macular disease. However, dependency of the instrument on patient compliance and his/her ability to sit in an upright position has limited its use to pre-and post-operative clinical settings. [16] With the advent of intraoperative SD-OCT in 2009, a new era has begun in vitreoretinal surgery. Binder et al in their study, demonstrated the feasibility of this imaging technique and its influence on surgical decisions, and intraoperative judgments and techniques which could result in improved outcomes. [15] Since that time, few authors have investigated the role of intraoperative SD-OCT during macular surgeries. [11, 17] In our sixteen cases of macular hole, while we observed a decrease in MH apex diameter after ILM peeling while no significant change was noted in MH base diameter and height. These findings are in contrast to those reported by Ray et al who found an increase in MH base diameter and found no change in MH apex diameter. [14] They believe that the increase in the hyporeflective area at the MH base corresponds to a shallow neurosensory retinal detachment. The possible explanation of this discrepancy could be the nature of our sample mix which included fifteen eyes with idiopathic and only one eye with traumatic MH. In fact, the absence of ERM in the vast majority of our cases might have required less surgical manipulation and therefore the probability of subretinal fluid formation and retinal detachment was probably minimal in our series. Successful closure of the hole may be predicted by a decrease in macular hole dimensions on OCT images during surgery [ Figure 9 ]. [18] The study by Ehlers et al showed that with different types of retinal abnormalities, intraoperative SD-OCT can detect subretinal fluid formations or ERM or ILM remnants that may go unrecognized by the surgeon during the operation. Therefore, this imaging modality helps to decide for additional membrane removal or ILM peeling without restaining or altering the surgical procedure (e.g., gas tamponade) for addressing the subretinal fluid [ Figure 10 ]. [19, 20] In the present study, we performed concurrent intraoperative SD-OCT and pars plana vitrectomy for ten eyes with ERM. Although we noticed a significant decrease in retinal thickness after membrane removal, thickness was increased after ILM peeling despite a good retinal surface configuration. Hence, the difference between pre-and post-operative retinal thickness was not statistically significant. Ray et al detected an increase in retinal thickness less than 2% after ILM peeling. They also observed the appearance of a subretinal hyporeflective area consistent with shallow retinal detachment after ILM peeling. We noticed subretinal fluid formation in three of our cases.
The tighter the junction between ERM and the underlying retina, the greater the possibility of creation of subretinal fluid after surgical manipulation. We can observe this correlation in diabetics, especially eyes with a history of macular photocoagulation, as a subretinal hyporeflective area on intraoperative OCT images without any break or complication. It has been reported that patients with diabetic maculopathy have thickened ILM with abundant cellular proliferation on its vitreous side. [21] Since 80% of our patients in the ERM group were diabetic, these alterations in retinal thickness could be the result of histopathologic changes in this group.
We performed pars plana vitrectomy concurrent with intraoperative SD-OCT for six diabetic patients with VMT and observed an average decrease of 24.5% in retinal thickness. The difference was not statistically significant because of small sample size (5 cases). Intraoperative SD-OCT images showed small changes in retinal cysts [ Figures 1 and 6] .
Our study has some limitations. The most relevant is the use of a hand-held intraoperative SD-OCT device, which necessitated the surgeon to halt surgical maneuvers during imaging. Difficult registration of the images by the device is another limitation. Air or gas in the eye precluded imaging, so we could not see retinal anatomical changes after air-fluid exchange. Despite these limitations, intra-operative hand-held SD-OCT provided valuable additional information on retinal anatomy in macular disease and provided insight into microstructural changes during different steps of macular surgery. These observations may prove fruitful in improving the outcomes of surgery and eliminating the need for reoperations.
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